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SECTION  I 


INTRODUCTION 

For  the  gas  turbine  and,  in  fact,  for  most  other  forms  of 
heat  engines,  the  most  important  fuel  issues  of  today  are  t  iose 
of  cost  and  availability.  The  measures  now  being  taken  to  ensure 
future  supplies  of  fuels  for  gas  turbines,  in  addition  to  various 
forms  of  fuel  conservation,  include  the  exploitation  of  alterna¬ 
tive  fuel  sources  and  the  acceptance  of  a  broader  specification 
for  aviation  fuels.  These  developments  highlight  the  need  for 
prediction  techniques  that  will  allow  the  impact  of  any  change  in 
fuel  specification  on  hardware  durability  and  combustion  perfor¬ 
mance  to  be  estimated  accurately  in  the  combustor  design  stage. 
Unfortunately,  the  effect  of  a  change  in  fuel  properties  is  not 
constant  for  all  combustors  but  varies  between  one  combustor  and 
another,  due  to  differences  in  operating  conditions  and  differ¬ 
ences  in  design.  An  additional  complicating  factor  is  that  the 
various  properties  and  characteristics  of  petroleum  fuels  are  so 
closely  interrelated  that  it  is  virtually  impossible  to  change 
any  one  property  without  affecting  many  others.  However,  there 
are  several  mitigating  factors  that  help  to  ease  the  situation. 
One  is  that  atomization  quality  is  influenced  only  by  the  physi¬ 
cal  properties  of  the  fuel;  namely,  viscosity  and  surface  ten¬ 
sion,  both  of  which  are  easily  measured  by  standard  laboratory 
techniques.  Evaporation  rates  are  also  closely  linked  to  the 
physical  properties  of  the  fuel,  for  example,  fuel  density  pro¬ 
vides  a  useful  indication  of  fuel  volatility. 


1 


Further  simplifications  are  possible  because  chemical  reac¬ 
tion  rates  vary  only  slightly  among  ths  various  hydrocarbon  fuels 
of  interest  for  the  aircraft  gas  turbine.  This  is  partly  because 
these  fuels  exhibit  only  slight  differences  in  adiabatic  flame 
temperature,  and  also  because  before  entering  the  true  reaction 
zone,  all  the  fuels  are  largely  pyrolyzed  to  methane,  other  1-2 
carbon  atom  hydrocarbons,  and  hydrogen.  Hence,  the  gas  composi¬ 
tion  in  the  reaction  zone  is  substantially  independent  of  the 
parent  fuel.  Thus,  provided  the  discussion  is  restricted  to  the 
anticipated  range  of  aircraft  fuels,  any  differences  that  occur 
in  ignition  performance,  lean-blowout  limits,  and  combustion 
efficiency,  will  be  caused  mainly  by  differences  in  the  physicaj 
properties  of  the  fuel  insofar  as  they  control  the  quality  of 
atomization  and  the  ensuing  rate  of  evaporation. 

During  the  past  decade,  the  U.S.  Air  Force,  Army,  and  Navy, 
along  with  NASA  and  the  major  engine  manufacturers,  have  ini¬ 
tiated  a  number  of  programs  to  determine  the  effects  of  antici¬ 
pated  future  fuels  on  existing  engines.  As  a  result  of  these 
studies  [1-6]  a  substantial  body  of  data  has  become  available 
that  yields  useful  insights  into  fuel  property  effects  on  combus¬ 
tion  performance. 

In  addition  to  a  considerable  body  of  evidence  on  the 
effects  of  fuel  property  variations  on  the  combustion  performance 
and  durability  characteristics  of  the  combustors  investigated, 
references  1  thru  6  also  contain  detailed  information  on  all  the 
relevant  chemical  and  physical  properties  of  the  fuels  employed. 
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Thane  fuels  were  supplied  by  the  U.S.  Air  Porco  for  combustion 
system  evaluation.  They  include  normal  JP4  and  JP8,  five  blends 
of  the  JP4,  five  blends  of  the  JP8  and,  in  some  cases,  a  No.  <: 
diesel  fuel.  The  blends  were  intended  to  achieve  three  oifferent 
levels  of  hydrogen  content;  i.e.  12,  13,  and  14  percent  by  mass. 
The  key  chemical  and  physical  properties  of  these  fuels  are 
listed  in  Table  1.  Additional  information  on  the  distillation 
characteristics  of  the  test  fuels  is  contained  in  Fig.  1. 

A  ma-jor  drawback  to  the  data  contained  in  references  1  thru 
6  is  that  they  include  very  little  information  on  fuel  spray 
characteristics;  in  particular,  no  measurements  were  made  of  mean 
drop  size  (SMD)  for  any  of  the  combustors  employed  in  the  inves¬ 
tigation.  In  the  absence  of  actual  measured  values  of  SMD,  pre¬ 
vious  analytical  studies  of  these  data  [7-9]  had  to  rely  on 
values  of  SMD  as  calculated  from  standard  equations  for  the  mean 
drop  sizes  produced  by  pressure-swirl  and  airblast  atomizers 
[10].  A  main  objective  of  the  present  investigation  was  to 
remedy  this  deficiency  by  measuring  the  drop  sizes  produced  by 
all  the  fuel  nozzles  employed  in  references  1  thru  6,  simulating 
as  far  as  possible  the  actual  engine  conditions  of  primary-zone 
gas  density  and  fuel  flow  rate.  While  making  these  measurements, 
equipment  problems  prevented  the  acquisition  of  drop-size  data 
for  all  the  fuel  nozzles  of  interest.  However,  sufficient  meas¬ 
urements  were  made  on  several  different  types  of  fuel  nozzles  to 
provide  the  input  needed  to  validato  the  analytically-derived 
equations  for  the  correlation  and  prediction  of  experimental  data 
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Figure  1.  Distillation  Characteristics  of  Test  Fuels  (Ref.  2). 


on  all  the  key  aspects  of  gas  tucbine  combustion  performance. 

The  method  used  to  measure  spray  characteristics  and  the 
results  obtained  are  described  in  the  next  section.  In  subse¬ 
quent  sections  the  main  combustor  performance  parameters  are  dis¬ 
cussed  in  turn,  following  the  style  of  presentation  employed  in 
reference  7.  In  each  case,  a  brief  outline  is  given  of  the 
methods  employed  in  identifying  the  basic  relationships  between 
the  relevant  fuel  properties  and  each  individual  aspect  of  per¬ 
formance.  As  liner  wall  temperatures  and  the  emissions  of  oxides 
of  nitrogen  are  not  materially  affected  by  spray  characteristics 
the  findings  in  regard  to  these  remain  unchanged  from  reference 
7 ,  and  are  included  herein  for  completeness  in  a  suitably  reduced 
form. 


For  each  performance  parameter,  the  general  approach  has 
been  either  to  enhance  existing  correlations  or  to  replace  them 
with  new  correlations  that  are  based  on  a  firmer  scientific  foot¬ 
ing.  It  is  hoped  that  the  relationships  developed  in  this  pro¬ 
gram  will  make  a  useful  contribution  to  future  combustor  designs. 


SECTION  II 


PUEL  ATOMIZATION 


The  quality  of  the  experimental  data  contained  m  references 
1  thru  6  is  generally  high.  Although  the  main  liner  dimensions 
and  airflow  distribution  are  not  always  precisely  defined,  it  is 
usually  possible  to  deduce  these  parameters  to  an  acceptable 
level  of  accuracy.  Reliable  information  is  lacking  only  j.n  the 
area  of  fuel  atomization.  In  a  previous  study  [7]  an  attempt  was 
made  to  overcome  this  deficiency  by  calculating  SMD  values  using 

one  of  the  following  two  expressions  [8]: 
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For  pressure  swirl  atomizers 
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These  equations  take  full  account  of  variations  in  fuel  prop¬ 
erties  (oF,  pF,  t»p ,  pF),  air  properties  (pft  and  Uft) ,  and  atomizer 
geometry  (Dp  and  Dh).  However,  they  do  have  certain  defects. 

For  example,  Eq.  (2),  and  all  other  published  SMD  equations  for 
pressure  swirl  nozzles,  are  based  almost  entirely  on  measurer ents 
carried  out  in  quiescent  air  at  normal  atmospheric  pressure  and 

temperature.  For  airblast  atomizers  the  prefilmer  diameter,  D  , 

P 

and  the  hydraulic  mean  diameter  of  the  air  discharge  orifice,  Dn, 


are  often  difficult  to  measure  end,  in  some  cases,  difficult  to 
define.  Usually  they  can  only  be  established  for  any  given  atom¬ 
izer  by  carrying  out  measurements  of  SMD  at  some  convenient  test 
condition.  After  inserting  these  values  into  Eq.  (1)  it  can  then 
be  used  to  predict  values  of  mean  drop  size  at  other  operating 
conditions . 

The  lack  of  measured  SMD  values  in  references  1  thru  b  is 
rendered  more  serious  by  the  fact  that  in  many  performance  equa¬ 
tions,  for  example  the  equations  for  predicting  lean  lightoff  and 
lean  blowout  limits,  the  mean  drop  size  appears  as  SMD  squared. 
Thus,  the  magnitude  of  any  errors  in  the  estimation  of  SMD  are 
effectively  squared.  In  a  previous  study  [7]  these  error)  were 
minimized  by  replacing  the  absolute  values  of  SMD  in  thes  ■  equa¬ 
tions  with  values  expressed  relative  to  the  drop  sizes  ob  .ained 
with  the  baseline  fuel,  JP4 .  This  helped  to  compensate  for  the 
lack  of  information  on  nozzle  characteristic  dimensions,  but  it 
also  diminished  the  practical  utility  of  the  resulting  equations. 
In  order  to  remedy  this  deficiency  it  was  decided  at  the  outset 
of  the  present  study  to  measure  the  drop  sizes  produced  by  all 
the  fuel  nozzles  described  in  references  1  thru  6.  The  apparatus 
employed  for  drop-size  measurement  is  shown  schematically  in  Fig. 
2.  The  main  component  is  a  cylindrical  pressure  vessel  which  is 
mounted  on  a  stand  with  its  axis  in  the  vertical  position.  It  13 
L20  cm  long  and  75  cm  in  diameter.  The  atomizer  under  test  is 
located  centrally  at  the  top  of  the  cylinder  and  sprays  downward 
into  the  vessel  which  is  pressurized  to  the  desired  level  using 
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Figure  2.  Schematic  Diagram  of  Spray  Test  Rig. 


gaseous  nitrogen  that  is  tapped  from  a  large  liquid  nitrogen 
storage/evaporator  system.  The  reason  for  using  nitrogen  instead 
of  air  is  to  avoid  the  risk  of  explosion  at  high  pressures.  As 
the  physical  properties  of  nitrogen  are  very  similar  to  those  of 
air  the  results  obtained  with  nitrogen  are  considered  valid  for 
systems  using  air.  The  droplets  produced  by  atomization  gravi¬ 
tate  into  a  collection  tank  at  the  bottom  of  the  chamber,  from 
whence  the  fuel  is  returned  to  the  storage  tank.  The  objective 
is  to  conserve  fuel  and  to  avoid  potential  pollution  of  the  atmos¬ 
phere  due  to  escaping  fuel  droplets. 

In  addition  to  the  nitrogen  supplies  for  atomization  and 
tank  pressurization  two  extra  nitrogen  lines  are  connected  to  the 
tank.  One  line  is  used  to  protect  the  windows  from  any  contami¬ 
nation  by  fuel  drops  or  mist,  while  the  other  line  is  connected 
to  a  manifold  located  at  the  top  of  the  tank  which  provides  a 
gentle  downdraft  cf  nitrogen  through  a  large  number  of  holes.  By 
this  means  the  problem  of  droplet  recirculation  is  kept  to  a 
minimum. 

Drop  sizes  were  measured  using  the  light-scattering  tech¬ 
nique  first  proposed  by  Dobbins,  Crocco,  and  Giassman  fllj  and 
later  developed  at  Cranfield  [12J.  It  is  based  on  a  direct  meas¬ 
urement  of  the  scattered  light  intensity  profile  after  a  mono¬ 
chromatic  l.ght  beam  has  passed  through  the  spray.  The  SMD  13 
obtained  directly  from  measurement  of  intensity  versus  radius  m 
the  focal  plane  of  the  receiving  lens.  In  practice,  this  is 
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ac  •jmplished  by  measuring  the  traverse  distance  (r)  between  the 
optical  axis  and  a  point  on  the  profile  at  which  the  light  inten¬ 
sity  is  equal  to  one-tenth  of  the  normalized  intensity  in  the 
scattered  profile.  The  SMD  of  the  spray  can  then  be  determined 
using  the  relationship  between  r  and  SMD  as  derived  by  Roberts 
and  Webb  ( 13 1 . 

When  using  the  light-scattering  technique  or,  in  fact,  any 
other  optical  technique  for  drop-size  measurement,  it  is  impor¬ 
tant  not  to  attempt  measurements  of  mean  drop  size  too  close  to 
the  nozzle.  This  is  because  although  all  the  drops  leave  the 
nozzle  with  approximately  the  same  velocity,  the  smaller  drcps 
tend  to  lose  momentum  faster  than  the  larger  drops,  due  to  tir 
resistance,  which  leads  to  over-representation  of  the  fine  irops 
in  the  sampling  volume.  Further  away  from  the  nozzle,  where  al 
thf  drops  are  moving  at  roughly  the  same  velocity  as  the  down- 
draft  of  nitrogen,  the  measurements  indicate  larger  values  of  SMD 
which  are  more  representative  of  the  actual  spray.  However,  it 
is  equally  important  not  to  attempt  to  measure  drop  sizes  too  far 
downstream  of  the  nozzle  as  this  could  introduce  errors  due  to 
fuel  3pray  evaporation.  Calculations  indicate  an  ideal  distance 
of  .15  cm  for  the  conditions  of  the  present  experiments,  and  this 
is  the  value  actually  used. 

Due  to  the  considerable  time  and  effort  that  would  be 
required  to  make  detailed  measurements  of  spray  characteristics 
for  all  nozzles  and  all  fuels,  it  was  decided  to  conduct  all 
measurements  using  one  fuel  only,  and  then  to  use  these  measured 


values  to  estimate  the  corresponding  mean  drop  sizes  for  all 
other  fuels.  The  fuel  selected  for  detailed  study  was  aviation 
kerosine  (Jet  A),  which  has  the  following  physical  properties. 

a  -  0.02767  kg/s2,  u  -  0.00129  kg/ms,  p  -  784  kg/m3 


As  fuel  density  has  only  a  very  slight  effect  on  atomization 

quality,  consideration  need  be  given  only  to  surface  tension  and 

viscosity.  Por  pressure  atomizers  Eq.  (2)  suggests  that  SMD  is 

0  25 

proportional  to  u.  ,  but  some  preliminary  measurements  of  SMD 
carried  out  out  on  JP4  and  DP 2  fuels  (representing  the  two 
extremes  of  viscosity)  indicated  a  slightly  lower  viscosity 
dependence  so  that  for  pressure  atomizers  we  have 


0.25  0.20 

SMD  cc  a  n 


(3) 


Por  airblast  atomizers,  which  are  characterized  by  a 
slightly  higher  dependence  on  surface  tension  and  a  lower  depen¬ 
dence  on  viscosity  [10],  it  is  found  that  changes  in  SMD  arising 
from  variations  in  fuel  type  can  be  expressed  fcc  a  sufficient 
degree  of  accuracy  oy  the  relationship 


SMD 
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Thus,  for  any  given  atomizer,  if  measured  values  of  SMD  are 
available  for  one  fuel,  then  Eqs .  (3)  and  (4)  allow  mean  drop 
sizes  to  be  calculated  for  any  other  fuel,  provided  of  course  its 
physical  properties  of  surface  tension  and  viscosity  are  known. 
For  the  fuels  of  interest  to  the  present  study,  mean  drop  sizes 
for  all  operating  conditions  of  fuel  flow  rate  and  ambient  air 
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density  were  obtained  using  the  measured  values  of  SMD  for  Jet  A 
fuel,  in  conjunction  with  one  of  the  following  two  expressions. 


For  pressure-swirl  atomizers 


SMDp  =  SMDJet  A  (oF/<JJet  A)0-25  <VJet  A> 


0.20 


(5 


For  airblast  atomizers 

SMDf  =  SMDJet  A  («p/«Jet  A)°'35  <V"jet  A)°-05  <6 

The  SMD  data  obtained  for  the  J79-17A,  J79-17C,  F101,  TF39, 
J85  and  F100  fuel  nozzles,  using  Jet  A  fuel,  are  shown  plotted  in 
Figs.  3  thru  10.  Due  to  the  difficulties  encountered  in  the 
procurement  of  an  FI 01  fuel  nozzle  of  the  type  employed  in  the 
F101  combustion  program  [2] ,  it  was  decided  to  substitute  a  more 
recent  version  for  the  atomization  tests.  As  these  two  types  of 
nozzles  differ  mainly  in  regard  to  fuel  distribution  character¬ 
istics  rather  than  atomization  quality,  it  is  believed  that  no 
significant  error  was  introduced  by  this  substitution.  Due  to 
equipment  problems  and  time  restraints,  no  results  were  obtained 
for  the  TF41  and  TF33  fuel  nozzles.  Thus  for  these  nozzles,  SMD 
values  were  calculated  using  Ea.  [2)  . 

The  SMD  d~L a  contained  in  Figs.  3  thru  10  are  presented 
mainly  as  plots  of  SMD  versus  fuel  flow  rate,  mF,  for  various 
values  of  ambient  air  density,  p^,  but  for  the  F100  nozzle  tl  e 
SMD  values  are  plotted  against  AFR  in  order  to  demonstrate  t) e 


effects  of  air/fuel  ratio  and  liner  pressure  drop  on  mean  drop 
size.  Not  surprisingly,  Fig.  10  indicates  that  atomization 


Mean  Drop  Sizes  obtained  for  J79-17A  Fuel  Nozzle. 


PA=IOI  kPo  (I  atm) 
Ta=288  K 
p  -  1.225  kg/m3 
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Figure  10.  Influence  of  Atomizer  Air/Fuel  Ratio  and 

Pressure  Drop  on  SMD  for  F100  Fuel  Nozzle. 
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qiality  improves  with  increase  in  liner  pressure  drop.  The 
re tults  obtained  with  a  value  of  AF^/P^  of  2.5  percent  were 
selected  for  use  in  this  study,  as  this  is  considered  to  best 
represent  the  liner  pressure  drop  in  the  dome  region. 

The  variations  in  SMD  with  fuel  flow  rate  exhibited  by  the 
curves  drawn  in  Figs.  3,  5,  ,7  and  8  are  characteristic  of 

dual-orifice  atomizers.  Thus  it  is  observed  that  atomization 
quality  improves  with  increase  in  fuel  flow  rate  up  to  a  certain 
Level,  beyond  which  SMD  values  start  to  rise  again.  The  point  of 
minimum  SMD  coincides  with  the  opening  of  the  pressurizing  valve 
which  admits  fuel  into  the  main  nozzle.  As  this  fuel  enters  the 
nozzle  at  relatively  low  pressure  its  atomization  quality  is 
poor.  With  further  increase  in  fuel  flow,  the  main  fuel  pressure 
increases  and  atomization  quality  starts  to  improve.  For  the 
airblast  atomizer  it  is  seen  (Figs.  9  and  10)  that  atomization 
quality  improves  continuously  with  decrease  in  fuel  flow  rate, 
i.e.  with  increase  in  AFR.  For  the  hybrid  nozzle,  as  illustrated 
in  Fig.  4,  the  characteristic  shapes  of  the  SMD  curves  lie  some¬ 
where  between  those  of  the  pressure  nozzle  and  the  pure  airblast 
atomizer,  so  that  SMD  remains  sensibly  independent  of  fuel  flow 
rate,  at  least  over  the  range  of  fuel  flows  tested. 

The  steep  temperature  rise  that  accompanies  combustion  in 
the  primary  zone  causes  a  reduction  in  gas  density  that  largely 
offsets  the  increase  in  density  experienced  by  the  air  during  its 
passage  through  the  compressor.  In  consequence,  at  low  pow  ir 
settings  where  atomization  quality  is  most  limiting  to  combustion 
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performance,  the  density  of  the  gas  into  which  the  fuel  is 
sprayed  is  roughly  the  same  as  that  of  air  at  normal  atmospheric 
pressure  and  temperature.  For  the  results  contained  in  Figs.  3 
thru  10  the  variation  in  ambient  air  density  was  obtained  by 
changing  air  pressure  while  maintaining  the  air  temperature  con¬ 
stant  at  around  15°C.  Inspection  of  Figs.  3  thru  i.O  reveals  that 
atomization  quality  is  generally  improved  by  increases  m  ambient 
air  density,  except  for  the  F101  nozzle  which  exhibits  a  slight 
deterioration  in  atomization  quality  with  increase  in 

With  appropriate  interpolations,  the  results  contained  in 
Figs.  3  thru  10  can  be  used  to  establish  formulae  based  on  abso¬ 
lute  values  of  mean  drop  size  for  the  prediction  of  combustion 
efficiency,  lean  blowout  limits,  lean  lightoff  limits,  pattern 
factor,  and  pollutant  emissions,  including  unburned  hydrocarbons 
and  smoke.  These  various  aspects  of  combustion  performance  are 
discussed  in  the  following  sections. 
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SECTION  III 


COMBUSTION  EFFICIENCY 

The  separate  effects  on  combustion  of  fuel  evaporation, 
fuel-air  mixing,  and  chemical  reaction  rates,  have  been  fully 
described  elsewhere  [7,9].  For  the  aircraft  gas  turbine  the  mam 
factors  affecting  the  level  of  combustion  efficiency  are  evapora¬ 
tion  rates  and  chemical  reaction  rates.  Mixing  rates  tend  to  be 
limiting  to  performance  only  at  operating  conditions  where  the 
l*vel  of  combustion  efficiency  is  so  close  to  100  percent  that 
deficiencies  in  performance  due  to  inadequate  mixing  are  diffi¬ 
cult  to  discern. 

Three  separate  ranges  of  operating  conditions  may  be 
defined,  one  in  which  combustion  efficiency  13  governed  solely  by 
reaction  rates,  another  in  which  combustion  inefficiency  is  due 
entirely  to  low  evaporation  rates,  and  a  third  region  in  which 
the  level  of  combustion  efficiency  depends  on  both  reaction  rates 
and  evaporation  rates.  For  all  three  regions  the  combustion 
efficiency  is  obtained  as  the  product  of  tne  reaction  ::ate  effi¬ 
ciency,  T)  ,  and  the  evaporation  efficiency,  r;  ,  i.e. 

'-a  ce 

”c  ‘  V  x  <7) 

The  second  term  on  the  right  hand  side  of  Eq.  (7j  represents 

the  fraction  of  the  fuel  that  is  vaporized  within  the  combustion 

zone.  For  7)c  =  1,  t\  «  t)r  ,  and  Eq.  (7)  reverts  to  the  9  param- 

'e  '6 

et er  which  denotes  the  fraction  of  fuel  vapor  that  is  converted 


into  combustion  products  by  chemical  reaction. 


From  analysis  of  the  available  experimental  data  on  combus¬ 
tion  efficiency,  the  following  expressions  for  t>_  and  n  were 

c9  ce 

derived  [ 7]  . 
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In  Eq.  (8)  the  temperature  dependence  is  expressed  in  terms 
of  T  ,  which  is  the  adiabatic  flame  temperature  in  the  combustion 

C 

zone,  assuming  complete  combustion  of  the  fuel.  It  is  calculated 
from  the  expression 


Tc  -  T3  +  ATc  (10) 

where  AT  is  obtained  from  standard  temperature  rise  charts  for 

V 

the  fueJ  in  question,  using  appropriate  values  of  P3,  1’3  and  qc 


Equations  (8)  and  (9)  relate  combustion  efficiency  to 
combustor  dimensions  (via  V  ),  combustor  operating  conditions 

w 

(via  mft,  P3  and  Tc) .  fuel  nozzle  characteristics  (via  DQ)  and 
fuel  type  (via 


Values  of  are  shown  plotted  in  Figs.  11,  12  and  13. 

These  figures  contain  plots  of  Xeff  versus  Tfen  at  three  levels  of 
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pressure,  namely  100,  1000  and  2000  kPa,  and  three  levels  of 

ambient  temperature,  namely  500,  1200  and  2000K.  For  each  value 

of  temperature  several  lines  are  drawn  to  represent  different 

values  of  UD  ,  where  U  is  the  relative  velocity  between  the  fuel 
o 

drop  and  the  surrounding  gas,  and  DQ  is  the  initial  drop  diame¬ 
ter  . 

From  a  practical  standpoint  the  concept  of  has  consid¬ 

erable  advantages  since  it  takes  into  account  the  reduced  rate  of 
evaporation  that  occurs  during  the  initial  droplet  heat-up 
period,  as  well  as  the  enhancement  of  fuel  evaporation  rates  due 
to  the  effects  of  forced  convection  [14].  Thus  plots  of  of 

the  type  shown  in  Figs.  11  thru  13  greatly  simplify  calculations 
on  rates  of  spray  evaporation  and  drop  lifetimes. 

The  very  satisfactory  correlation  of  combustion  efficiency 
data  provided  by  Eq.  (7)  is  demonstrated  in  Figs.  14  thru  21, 
which  include  all  the  relevant  data  on  combustion  efficiency  con¬ 
tained  in  references  1  thru  6. 


Combustion  Efficiency  (measured),  % 


Combustion  Efficiency  (measured),  % 


Data  from  Table  C- 1  [5] 
A  Test  Point  I 
O  Test  Point  2 
VTest  Point  3 


□  Test  Point  4 
OTest  Point  6 


All  Fuels 


O  O 


J85 


P3*  148-445  k  Pa 
T3* 336- 570  K 
rhA» 4.4 -12.2  kg/s 


92  94  96  98 

Combustion  Efficiency  (predicted),  % 


Figure  19.  Comparison  of  Measured  and  Predicted  Values  of 
Combustion  Efficiency  for  J85  Combustor. 
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Combustion  efficiency  (predicted),  % 


Figure  20.  Comparison  of  Measured  and  Predicted  Values  of 
Combustion  Efficiency  for  TF33  Combustor. 


SECTION  IV 


LEAN  BLOWOUT 


The  problem  of  lean  blowout  haa  not  loomed  very  large  in  the 
past,  due  mainly  to  the  widespread  use  of  pressure  swirl  atomiz¬ 
ers.  The  poor  mixing  character istica  of  these  atomizers  allow 
combustion  to  occur  at  mixture  strengths  that  are  well  below  the 
normal  weak  limit  of  flammability.  In  fact,  lean  blowout  limits 
of  around  1000  air/fuel  ratio  (APR),  based  on  overall  combustor 
values  of  air  and  fuel  flow  rates,  used  to  be  quite  commonplace. 
In  recent  years  the  continuing  trend  toward  improved  primary-zone 
fuel-air  mixing  for  the  reduction  of  pollutant  emissions  and 
flame  radiation  has  led  to  a  narrowing  of  stability  limits  and  to 
increasing  concern  over  the  attainment  of  satisfactory  lean 
blowout  performance. 


For  homogeneous  fuel-air  mixtures,  flame  blowout  occurs  when 
the  rate  of  heat  liberation  in  the  primary  zone  becomes  insuffi¬ 
cient  to  heat  the  incoming  fresh  mixture  up  to  the  required  reac¬ 
tion  temperature.  The  lean  blowout  fuel/air  ratio  depends  on  the 
inlet  air  velocity,  pressure,  and  temperature,  and  on  the  size  of 
the  primary  zone.  The  relationship  is  of  the  form  [15] 


qLBO  * 


m. 


vpz  p£  «P  <Vb)J 


(Hi 


Equation  (11)  may  also  be  useo  to  predict  the  lean  blowout 
limits  of  combustion  chambers  supplied  with  heterogeneous  fuel- 
air  mixtures,  provided  that  the  rate  of  fuel  evaporation  is 
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sufficiently  high  to  ensure  that  all  the  fuel  is  fully  vaporized 
within  the  primary  combustion  zone.  If  the  fuel  does  not  fully 
vaporize,  then  clearly  the  "effective"  fuel/air  ratio  will  be 
lower  than  the  nominal  value.  However,  if  the  fraction  of  fuel 
that  is  vaporized  is  known,  or  can  be  calculated,  it  can  then  be 
combined  with  Eq.  (11)  to  yield  the  fuel/air  ratio  at  lean 
blowout ,  i . e. , 


Qr no  m  ^lbo 

(heterogeneous)  (homogeneous) 


x  f 


-1 


(12) 


where  is  the  fraction  of  fuel  that  is  vaporized  within  the 
primary  combustion  zone. 


From  analysis  of  the  factors  governing  the  rate  of  evapora¬ 
tion  of  a  fuel  spray  [14],  it  was  found  that 

f.  =  106  pn  V  A  ,,/f  m-  D  2  (13) 

f  g  pz  erf  pz  A  o 

It  should  be  noted  that  Eq.  (13)  allows  ff  to  exceed  unity. 
When  this  occurs  it  simply  means  that  ohe  time  available  for  fuel 
evaporation  exceeds  the  time  required,  so  that  the  fuel  is  fully 
vaporized  within  the  recirculation  zone.  In  these  circumstances 
if  should  be  assigned  a  value  of  unity. 


Substitution  of  q_ _n  from  Eq.  (11)  and  f-  from  Eq.  (13) 

^(hom)  f 

into  Eq .  (12)  leads  to 


qLBO 


oc 

f 

pz 

*(1  +  X) 
mA 

W  (  1*  * ) 

pz 

P^X+n>  exp(T3/b) 

(14) 
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The  first  term  on  the  right  hand  side  of  Equation 
14  is  a  function  of  combustor  design.  The  second  term 
represents  the  combustor  operating  conditions.  The  third  term 
embodies  the  relevant  fuel-dependent  properties,  including  the 
lower  calorific  value  of  the  fuel.  This  property  is  inclu  led 
because  lean  blowout  occurs  at  roughly  the  same  temperature  for 
all  fuels,  so  that  fuels  having  a  higher  heat  content  are  capable 
of  burning  at  lower  mixture  strengths  [10]. 


Analysis  of  the  experimental  data  for  all  engines  indicates 
optimum  values  for  b,  n,  and  x  of  300,  0.3  and  0,  respectively. 
Insetion  of  these  values  into  Eq.  (14)  gives 


qLBO 


[f  1 

1  *  1 

2 

DZ 

pz 

A 

o 

pz 

Pg'3  exp(T3/300) 

xeff  LCV 

(15) 


where  A'  is  a  constant  whose  value  depends  on  the  geometry  and 
mixing  characteristics  of  the  combustion  zone.  Having  determined 
the  value  of  A'  at  any  convenient  test  condition,  Eq.  (15)  may 
then  be  used  to  predict  the  lean  blowout  fuel/air  ratio  at  any 
other  operating  condition. 


A  difficulty  that  arises  with  Eq.  (15)  is  that  of  assigning 
appropriate  values  to  V  ,  since  for  many  combustors  the 
primary-zone  volume  is  not  clearly  defined.  To  surmount  this 
problem  it  was  decided  to  substitute  the  pre-dilution  zone,  V  , 
into  Eq.  (15),  instead  of  V  .  This  may  be  justified  on  the 

t 

grounds  that  Vc  is  easier  to  define  and  measure;  also,  values  of 


V  have  already  been  used  in  the  correlation  of  combustion 


efficiency  data.  Furthermore,  ae  the  ratio  of  primary-zone 
volume  to  pre-dilution  volume  tends  to  be  fairly  constant  for 
most  conventional  combustion  chambers,  using  V  instead  of  V  „ 
nas  the  virtue  of  consistency  without  loss  of  accuracy.  Wit  -i 
this  modification  Eg.  (15)  becomes 


*LBO 


-  A 


tVc 


m. 


Pj*3  exp  (T3/300) 


Xeff 
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D  atT 

“aEI7T:  5K  g/kg(16; 


2  2 

The  term  (Doat  Tp)  /(DQat  277.5)  is  introduced  into  the  above 
equation  to  take  into  account  the  variation  in  drop  size  arising 
from  a  change  in  fuel  temperature  from  the  initial  baseline 
value,  which  is  taken  as  277. 5K.  For  lean  blowout  limits, 
should  be  evaluated  at  an  air  temperature  of  1400K,  since  this 
approximates  the  weak  extinction  temperature  for  all  fuels. 


For  each  comoustor  a  value  of  A  was  chosen  for  insertion 
into  Eq.  (16)  that  would  provide  the  best  fit  to  the  experimental 
data.  These  values  of  A  are  given  in  Table  2.  It  would  clearly 
be  advantageous  if  similar  types  of  primary  zones  yielded  similar 
values  of  A,  since  this  would  facilitate  the  prediction  of  lean 
blowout  limits  for  new  combustor  designs.  Although  the  variation 
in  the  values  of  A  listed  in  Table  2  virtually  prohibits  such 
extrapolation,  it  should  be  borne  in  mind  that  these  values 
embody  all  the  errors  incurred  in  the  estimates  of  combustion 

volume  and  the  fraction  of  air  involved  in  primary  combustion,  as 

well  as  in  the  measurements  of  mean  drop  size.  By  combining  A 

with  f  the  deviation  is  reduced,  as  illustrated  in  Table  2. 
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As  discussed  in  reference  7,  the  initial  value  of  Af^„  cal- 

P* 

culated  for  the  F101  combustor  was  exceptionally  high,  and  this 
was  attributed  to  an  error  in  recording  either  the  fuel  flow  rate 
or  air  flow  rate  when  testing  on  a  54°  segment  of  an  annular 
combustor.  Dividing  the  reported  values  of  q^g  contained  m 
reference  2  by  (360/54)  not  only  gives  more  sensible  value  i  of 
qLBO'  but  al8°  reduces  AfpZ  to  which  is  fully  consistent 

with  the  results  obtained  for  the  other  combustors. 

The  correlations  of  lean  blowout  limits  provided  by  Eq. 

(16),  using  appropriate  values  of  A,  are  illustrated  in  Pigs.  22 
thiu  29  for  the  J79-17A,  J79-17C,  F101,  TF39,  J85,  and  F100 
conbustors,  respectively.  The  close  agreement  exhibited  between 
the  predicted  and  the  measured  values  of  lean  blowout  fuel/air 
ratio  is  clearly  very  satisfactory. 
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Figure  22. 


Comparison  of  Measured  and  Predicted  Values 
of  Lean  Blowout  for  J79-17A  Combustor. 
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F  igure  25 . 


Comparison  of  Measured  and  Predicted  Values 
of  Lean  Blowout  for  J79-17C  Combustor. 
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Figure  26.  Comparison  of  Measured  and  Predicted  Values 
of  Lean  Blowout  for  F101  Combustor. 
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Figure  27.  Comparison  of  Measured  and  Predicted  Values 
of  Lean  Blowout  for  TF39  Combustor. 
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Figure  29.  Comparison  of  Measured  and  Predicted  Values 
of  Lean  Blowout  for  FIDO. 
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SECTION  V 


IGNITION 


It  is  well-established  that  ignition  is  made  easier  by 
increases  in  pressure,  temperature,  and  spark  energy,  and  is 
impeded  by  increases  in  velocity  and  turbulence  intensity.  Igni¬ 
tion  performance  is  also  markedly  affected  by  fuel  properties 
through  the  way  in  which  they  influence  the  concentration  of  fuel 
vapor  in  the  spark  region.  These  influences  arise  mainly  from 
the  effect  of  volatility  on  evaporation  rates,  and  also  from  the 
effects  of  surface  tension  and  viscosity  on  mean  fuel  drop  size. 
The  amount  of  energy  required  for  ignition  is  very  much  larger 
than  the  values  normally  associated  with  gaseous  fuels  at 
stoichiometric  fuel/air  ratio.  Much  of  this  extra  energy  is 
absorbed  in  the  evaporation  of  fuel  drops,  the  actual  amount 
depending  on  the  distribution  of  fuel  throughout  the  primary  zone 
and  on  the  quality  of  atomization. 


Application  of  the  theoretical  concepts  developed  in  refer¬ 
ences  16  and  17  to  the  ignition  data  contained  in  references  1 
thru  6  leads  to  the  following  equation  for  lean  lightoff  fuel/air 
ratio. 
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This  equation  is  virtually  identical  to  Eq.  (16)  except  for  a 
higher  pressure  dependence;  namely  F^*5  instead  of  P^*3.  Another 
minor  difference  is  that  is  evaluated  at  the  combustor  inlet. 
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air  temperature,  T3 . 

The  correlation  of  lightup  data  obtained  wtth  Bq.  (17)  ie 
illustrated  in  Pigs.  30  thru  37  for  the  J79-17A,  J79-17C,  F101, 
TF39 ,  J85 ,  and  F100  combustors,  respectively.  The  level  of 
agreement  between  predicted  and  experimental  values  is  considered 
satisfactory,  especially  in  view  of  the  well-known  lack  of  con¬ 
sistency  that  usually  characterizes  ignition  data.  Values  of  B 

and  Bf _  for  all  combustors  are  listed  in  Table  2. 
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Figure  31. 


Comparison  of  Measured  and  Predicted  Values 
of  Lean  Light  Off  for  J79-17A  Combustor. 
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Figure  32. 


Comparison  of  Measured  and  Predicted  Values 
of  Lean  Light  Off  fo$  J79-17C  Combustor. 
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Figure  33.  Comparison  of  Measured  and  Predicted  Values 
of  Lean  Light  Off  for  J79-17C  Combustor. 
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Figure  34. 


Comparison  of  Measured  and  Predicted  Values 
of  Lean  Light  Off  for  F101  Combustor. 
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Figure  35.  Comparison  of  Measured  and  Predicted  Value.) 
of  Lean  Light  Off  for  TF39  Combustor. 
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Figure  36.  Comparison  of  Measured  and  Predicted  Values 
of  Lean  Light  Off  for  J85  Combustor. 
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Figure  37.  Comparison  of  Measured  and  Predicted  VaJ 
of  Lean  Light  Off  for  P100  Combustor. 
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SECTION  VI 


LINER  WALL  TEMPERATURE 

Poe  the  purpose  of  analysis  a  liner  may  be  regarded  as  a 
container  of  hot  flowing  gases  surrounded  by  a  casing  in  which 
air  is  flowing  between  the  container  and  the  casing.  Broadly, 
the  liner  is  heated  by  radiation  and  convection  from  the  hot 
gases  inside  it,  and  is  cooled  by  radiation  to  the  outer  casing 
and  by  convection  to  the  annulus  air.  The  relative  proportions 
of  the  radiation  and  convection  components  depend  upon  the 
geometry  and  operating  conditions  of  the  system.  Under  equili¬ 
brium  conditions  the  liner  temperature  is  such  that  the  internal 
and  external  heat  fluxes  at  any  point  are  just  equal.  Loss  of 
heat  by  conduction  along  the  liner  wall  is  comparatively  small 
and  usually  may  be  neglected.  Under  steady-state  conditions,  the 
rate  of  heat  transfer  into  the  wall  must  be  balanced  by  the  rate 
of  heat  transfer  out.  Under  steady-state  conditions 

R1  +  C1  *  R2  +  C2  (18) 

The  derivations  of  suitable  equations  for  R^,  R2  and  C2 
are  fully  described  in  reference  10.  As  these  equations  contain 
no  drop-size  terms  they  are  unaffected  by  the  results  of  the 
present  investigation.  Hence,  the  following  discussion  will  be 
confined  to  summarizing  the  key  features  of  the  calculation  pro¬ 
cedures  for  estimating  liner  wall  temperature,  along  with  a  com¬ 
parison  of  measured  and  predicted  values  of  Tw  for  various  types 
of  combustors. 


1. 


Internal  Radiation 


This  is  the  component  of  heat  transfer  that  ie  most  affected 
by  a  change  in  fuel  type.  It  is  given  by  [18] 

Rx  -  0.5  o  (1  +  «w)  «g  tJ*5  (T**5  -  t£*5)  (19) 

where  a  -  Stefan  Boltzmann  constant 

c  -  liner  wall  emissivity 
w 

<g  “  9*8  emissivity 
Tg  -  gas  temperature 
Tw  -  wall  temperature 

The  'bulk*  or  mean  gas  temperature,  T^,  is  obtained  as  the 
sum  of  the  chamber  entry  temperature,  ,  and  the  temperature 
rise  due  to  combustion,  ATcQmb. 

Thus: 


9 


T3  +  ATcomb 


(20) 


ATcomb  may  be  read  off  standard  temperature  rise  curves.  The 
appropriate  value  of  fuel/air  ratio  is  the  product  of  the  local 
fuel/air  ratio  and  the  local  level  of  combustion  efficiency. 

Mos t  heat  transfer  calculations  are  carried  out  at  high  pressure 
conditions  where  it  is  reasonable  to  assume  a  combustion  effi¬ 
ciency  of  100  percent. 


For  the  luminous  flames  associated  with  the  combustion  of 
heterogeneous  fuel -air  mixtures,  the  value  of  €  for  insertion  m 
Eg.  (19)  is  obtained  as  [18] 
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cg  «  1  -  exp[-290  P3  L  (q  lb)0*5  T"1’5]  (21) 

where  q  ie  the  local  fuol/air  ratio  and  lb  ie  the  'beam  length1 
of  the  radiating  gae ,  The  luminoeity  factor,  L,  is  an  empirical 
correction  introduced  to  obtain  reasonable  agreement  between 
experimental  data  on  gae  radiation  and  predictions  from  Eq.  (21). 
Analysis  of  the  experimental  data  contained  in  references  1  thru 
6  led  to  the  following  expression  for  I,  [7] 

2 

L  -  336/(percent  hydrogen)  (22) 

Substitution  of  this  value  of  L  into  Eq.  (21)  allows  calcu¬ 
lations  of  flame  radiation  to  be  carried  out  for  all  fuels  over 
the  entire  range  of  test  conditions. 

2.  External  Radiation 

The  radiation  heat  transfer  from  the  liner  wall  to  the  outer- 
casing,  R^,  can  be  estimated  only  approximately  due  to  lack  of 
accurate  information  on  wall  emissivities .  For  this  reason  it  is 
sufficient  to  use  the  cooling-air  temperature,  ,  in  place  of 
the  unknown  temperature  of  the  outer  air  casing.  Also,  for  radi¬ 
ation  across  a  long  annular  space,  the  geometric  shape  factor  can 
toe  assumed  equal  to  unity,  and  the  expression  for  net  radiation 
flux  then  i educes  to 

R2  -  0.4  o(T*  -  T3)  (21) 

3 .  Internal  Convection 

Of  the  four  heat  transfer  processes  which  together  determine 
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the  linet  temperature,  this  component  is  the  most  difficult  to 
estimate  accurately.  In  the  primary  zone,  the  gases  involved  are 
at  high  temperature  and  undergoing  rapid  physical  and  chemical 
change.  Further  difficulty  is  introduced  by  the  existence  within 
the  primary  zone  of  steep  gradients  of  temperature,  velocity,  and 
composition.  Uncertainties  regarding  the  airflow  pattern,  the 
state  of  the  boundary- layer  development  and  the  effective  gas 
temperature  make  the  choice  of  a  realistic  model  almost  arbi¬ 
trary  . 


In  the  absence  of  more  exact  data  it  is  reasonable  to  assume 
tnat  some  form  of  the  classical  heat-transfer  relation  for 
straight  pipes  will  hold  for  conditions  inside  a  liner,  using  a 
Reynolds  number  index  consistent  with  established  practice  for 
conditions  of  extreme  turbulence.  This  leads  to  an  expression  of 
the  form  [18] 


C1  -  0.017 
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4.  External  Convection 


This  is  obtained  as  [18] 


C2  -  0.020 
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(25) 


The  fluid  properties  are  evaluated  at  the  annulus  air  tempera¬ 
ture,  Tj.  In  practice,  the  cooling  air  temperature  increases 
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during  its  passage  downstream,  but  normally  this  amounts  to  no 
more  than  a  few  degrees  and  can  reasonably  be  neglected. 

For  equilibrium 


R1  +  C1  “  R2  +  C2  U«) 

Solution  of  this  equation  yields  the  wall  temperature,  Tw. 

The  value  of  T  as  determined  by  the  method  outlined  above 
w 

represents  the  liner  wall  temperature  that  would  be  obtained  m 

the  absence  of  internal  wall  cooling.  As  references  1  thru  6  do 

not  contain  the  detailed  information  needed  to  estimate  film 

cooling  effects  on  T  ,  it  was  decided  to  calculate  ' uncooled ' 

w 

wall  temperatures  for  four  combustors  only,  namely  J79-17A,  J79- 
17C,  F101  and  TF41,  in  order  to  ascertain  if  the  results  obtained 
reflected  anticipated  trends  in  regard  to  the  effect  of  fuel 
hydrogen  content  on  liner  wall  temperature.  The  results  of  these 
calculations  are  shown  in  Figs.  38  thru  41  for  all  fuels  as  plot3 
of  Tw  versus  hydrogen  content. 

It  may  be  noted  in  Figs.  38  thru  41  that  the  calculated 
values  of  Tw  are  generally  higher  than  the  corresponding  measured 
values  due  to  neglect  of  internal  wall  cooling.  Only  at  low 
power  conditions,  where  the  errors  incurred  through  neglect  of 
internal  wall  cooling  are  partially  balanced  by  the  assumption  of 
100  percent  combustion  efficiency  in  the  combustion  zone,  do  the 
measured  and  calculated  wall  temperatures  roughly  coincide. 
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'?hese  factors  are  not  considered  too  serious  in  a  study  that 
is  mainly  concerned  with  fuel  type,  because  they  apply  with  equal 
force  to  all  fuels.  The  fact  that  the  measured  and  calculated 
values  of  Tw  follow  the  same  trend,  as  evidenced  by  Pigs.  38  thru 
41,  tends  to  support  the  validity  of  using  the  luminosity  factor 
concept  as  a  convenient  means  for  incorporating  fuel  hydrogen 
content  into  the  'standard'  equation  for  flame  emisaivity.  Thus 
Eq.  (21)  may  be  rewritten  as 

€  -  1  -  exp[  -  97440  P3(%H2)"2  (q  lb)°*5  t"1’5] 


(26) 


SECTION  VII 


POLLUTANT  EMISSIONS 

The  pollutant  emissions  of  most  concecn  for  the  aircraft  gae 
turbine  are  oxides  of  nitrogen  (N0x),  carbon  monoxide  (CO), 
unburned  hydrocarbons  (UHC),  and  smoke.  The  concentration  levels 
of  these  pollutants  can  be  related  directly  to  the  temperature, 
time,  and  concentration  histories  of  the  combustor.  These  his¬ 
tories  vary  from  one  combustor  to  another  and,  for  any  given 
combustor,  with  changes  in  operating  conditions.  The  nature  of 
pollutant  formation  is  such  that  the  concentrations  of  irbon 
monoxide  and  unburned  hydrocarbons  are  highest  at  low-power  con¬ 
ditions  and  diminish  with  increase  in  power.  In  contrast,  oxides 
of  nitrogen  and  smoke  are  fairly  insignificant  at  low  power  set¬ 
tings  and  attain  maximum  values  at  the  highest  power  condition. 
The  basic  causes  of  these  pollutants  and  the  various  methods 
employed  to  alleviate  them  have  been  fully  discussed  elsewhere 

UOJ  • 

Most  modeling  of  emission  characteristics  has  been  concerned 
with  oxides  of  nitrogen,  but  efforts  have  also  been  made  to 
predict  the  formation  of  other  pollutant  species.  To  toe  success¬ 
ful  a  model  must  accommodate  the  complex  flow  behavior  and 
include  a  kinetic  scheme  of  the  important  chemical  reactions 
occurring  within  the  combustor.  The  kinetics  of  some  relevant, 
combustion  processes  are,  unfortunately,  not  well  understood  at 
the  present  time,  particularly  for  the  production  of  carbon,  car¬ 
bon  monoxide  and  the  hydrocarbon  species  that  are  intermediate  in 


the  fuel  oxidation  process. 


The  primary  requirement  for  a  satisfactory  emissions  model 
for  gas-turbine  combustors  is  that  it  should  represent  an  optimum 
balance  between  accuracy  of  representation,  utility,  ease  of  use, 
economy  of  operation,  and  capability  for  further  improvement.  In 
recent  years,  considerable  efforts  have  been  directed  toward  the 
development  of  relatively  complex  mathematical  emissions  models 
that  can  be  applied  to  gas  turbines  [19-27].  The  high  cost  and 
complexity  of  the  more  sophisticated  mathematical  models  have 
encouraged  the  development  of  semi-empirical  models  for  NO^  and 
CO  emissions.  For  example,  Hung's  approach  has  been  used  suc¬ 
cessfully  in  predicting  the  influence  on  NO^  emissions  of  water 
injection  and  wide  variations  in  fuel  type  [26,27].  Other  suc¬ 
cessful  semi-empirical  models  for  nredicting  emissions  have  been 
developed  by  Fletcher  and  Heywood  [19,28]  and  by  Hammond  and  Mel  * 
lor  [29,30]. 

Empirical  models  can  also  play  an  important  role  m  the 
design  and  development  of  low  emission  combustors.  They  may 
serve  to  reduce  the  complex  problems  associated  with  emissions  to 
forms  which  are  more  meaningful  and  tractable  to  the  combustion 
engineer  who  often  requires  only  an  insight  and  a  quick  estimate 
of  the  levels  attainable  with  the  design  variables  at  his  dispo¬ 
sal.  They  also  permit  more  accurate  correlations  of  emissions 
for  any  one  specific  combustor  than  can  be  achieved  by  the  more 
general  analytical  models. 
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1.  Oxides  of  Nitrogen 

Lefebvre's  semi-empirical  model  for  the  prediction  of  pol¬ 
lutant  emissions  [9),  based  on  considerations  of  mixing  rates, 
chemical  reaction  rates,  and  combustor  residence  time,  leads  to 
the  following  expression  for  NO^. 


9  x  10"8  P^’25  V  exp  (0.01  T  ) 


N0x - 


U7) 


m*  T. 


Equation  (27)  demonstrates  that  the  only  influence  of  fuel 

type  on  N0x  formation  is  via  the  two  temperature's  terms,  TpZ  and 

T  _ .  The  former  is  calculated  as 
st. 


T3  +  ATpz 


where  ATp2  18  the  temperature  rise  due  to  combustion  correspond¬ 
ing  to  the  inlet  temperature,  T3 ,  and  the  primary-zone  fuel/air 
ratio.  Tgt  is  the  stoichiometric  flame  temperature  corresponding 
to  the  inlet  temperature,  T3 .  Equation  (27)  suggests  that,  in 
the  combustion  of  heterogeneous  fuel-air  mixtures,  it  is  the 
stoichiometric  flame  temperature  that  determines  the  formation  of 
NC»x .  However,  for  the  residence  time  in  the  combustion  zone, 
which  is  also  significant  to  NOx  formation,  the  appropriate  tem¬ 
perature  term  is  the  bulk  value,  T  ,  as  indicated  in  the  denomi- 

pz 

nator  of  Eq.  ( 27) . 


It  should  be  noted  that  Eq.  (27)  is  suitable  for  conven¬ 
tional  spray  combustors  only.  Por  lean  premix/prevapor ize 
combustors,  in  which  the  maximum  attainable  temperature  is  TpZ' 
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it  may  still  be  used#  provided  that  TpZ  is  substituted  for  1’3t* 

It  should  also  be  noted  that  predictions  of  NO^  based  on  Eq.  (27) 
tend  to  be  too  high  when  the  overall  combustor  air/fuel  ratio 
exceeds  a  value  of  around  100.  This  is  because  with  diminishing 
fuel/air  ratio  the  flame  shrinks  back  toward  the  fuel  nozzle  and 
no  longer  occupies  the  entire  combustion  volume#  V  .  However, 

V 

this  is  not  considered  a  serious  drawback  since,  in  practice, 
interest  is  normally  focused  on  conditions  of  high  fuel/air 
ratio,  where  NO^  formation  rates  attain  their  highest  values. 

The  excellent  correlation  of  data  provided  by  Eq.  (27)  is 
illustrated  in  Figs.  42  thru  52.  These  figures  include  all 
combustors  except  the  J85  for  which  the  measured  values  are  too 
low  for  satisfactory  correlation. 

2 .  Carbon  Monoxide 

For  the  prediction  of  CO  emissions  ths  relevant  expression 
is  [9] 


As  CO  takes  longer  to  form  than  NOx,  the  relevant  tempera¬ 
ture  is  not  the  local  peak  value  adjacent  to  the  evaporating  fuel 
drops,  but  the  average  value  throughout  the  primary  zone,  namely 
Tpz'  Al90,  because  CO  emissions  are  most  important  at  low  pres¬ 
sure  conditions,  where  evaporation  rates  are  relatively  slow,  .t 
is  necessary  to  reduce  the  combustion  volume,  V by  the  volume 
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N0X  (measured),  g/kg 


F igur e  42  . 


Comparison  of  Measured  and  Predicted  Values  of  NC>x 
Emissions  for  J79-17A  Combustor.  (Fuels  1  to  6). 
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N0X  (measured),  g/kg 


N0X  (predicted),  g/kg 


Fiyure  44.  Comparison  of  Measured  and  Predicted  Values  of  NO 
Emissions  for  J79-17C  Combustor .  (Fuels  1  to  6). 


Figure  4  5.  Comparison  of  Measured  and  Predicted  Values  of  NO 

Emissions  for  J79-17C  Combustor.  (Fuels  7  to  13*) 
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Figure  49.  Comparison  of  Measured  and  Predicted  Values  of  NO 
Emissions  for  TF41  Combustor.  (Puels  7  to  12). 
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N0X  (predicted),  g/kg 


50.  Comparison  of  Measured  and  Predicted  Values  of  NO 
Emissions  for  TF39  Combustor. 


N0X  (measured),  g/kg 


Figure  51.  Comparison  of  Measured  and  Predicted  Values  of  NO 
Emissions  for  TF33  Combustor. 


occupied  xn  fuel  evaporation,  V  .  True  was  evaluated  iaj  as 


V 

e 


fpz  “a  d>, 


(29) 


The  correlations  of  experimental  data  achieved  with  Eq.  (28) 
are  illustrated  m  Figs.  53  thru  57  for  the  J79-17A,  J79-17C, 
FI01,  TF4a,  and  F100  combustors,  respectively. 


it  is  perhaps  worthy  of  note  that  although  Eqs.  (H )  and 
(28)  nave  no  strong  theoretical  foundation,  they  do  emoody  the 
main  variables  of  combustor  size,  pressure  loss,  flow  propor¬ 
tions,  and  operating  conditions  of  inlet  air  pressure,  tempera¬ 
ture.  and  mass  flow  rate.  The  effect  of  variations  m  overall 
c  >mbustor  fuel/air  ratio  is  also  included  via  its  influence  on 
primary-zone  temperature.  Fuel  type  affects  both  flame  tempera¬ 
ture  and  mean  drop  size.  For  N0x,  drop  size  is  unimportant  3ince 
at  the  high  pressure  conditions  where  NOx  emissions  are  moot 
prominent,  the  fraction  of  the  total  combustion  volume  employed 
in  fuel  evaporation  is  so  small  that  wide  variations  m  fuel  drop 
size  have  a  negligible  effect  on  N0x .  However,  at  low  pressure 
operation,  where  CO  emissions  attain  their  highest,  concentra¬ 
tions,  a  significant  proportion  of  the  primary-zone  volume  13 
needed  to  evaporate  the  fuel.  Under  these  conditions,  any  factor 
that  influences  fuel  evaporation  rates,  such  as  evaporation  con¬ 
stant,  or  mean  drop  size,  will  have  a  direct  effect  on  the  volume 
available  for  chemical  reaction  and,  therefore,  on  the  emissions 
of  CO  and  UHC.  Thus,  for  the  correlation  of  CO  data  the  effects 
of  fuel  type  cannot  be  ignored. 


CO  (measured),  g/kg 


Figure  53.  Comparison  of  Measured  and  Predicted  Values  of  CO  Emissions 
for  J79-17A  Combustor. 
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Figure  55 .  Comparison  of  Measured  and  Predicted  Values  of  CO  Emissions 
for  F 101  Combustor. 
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Figure  50.  Comparison  of  Measured  and  Predicted  Values  of  CO  Emissions 
for  TF41  Combustor.. 
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Figure  57.  Comparison  of  Measured  and  Predicted  Values  of  CO  Emissions 
for  F100  Combustor. 
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3 .  Unburnod  Hydrocarbons 


Unburned  hydrocarbons  include  fuel  that  emerge*  at  the 
combustor  exit  in  the  form  of  droplets  or  vapor,  as  well  as  the 
products  of  the  thermal  degradation  of  the  parent  fuel  into 
3pecies  of  lower  molecular  weight,  such  as  methane  and  acetylene. 
They  are  normally  associated  with  poor  atomization,  inadequate 
burning  rates,  the  chilling  effects  of  film-cooling  air,  or  any 
combination  of  these.  An  increase  in  engine  power  setting  usu¬ 
ally  reduces  the  emission  of  unburned  hydrocarbons,  partly 
through  improved  fuel  atomization  but  mainly  through  the  effects 
of  higher  inlet  air  pressure  and  temperature,  which  together 
enhance  chemical  reaction  rates  in  the  primary  combustion  zone. 
Analysis  of  the  experimental  data  yields  an  equation  of  the  form 


UHC 


11.764  m-  T, 
A  I 


exp(  -  0.00345  T  ) 


- - - 

v  -  fi^xio6  PzA  ...  ° 

["Ll 

c  ppz  ‘off 

•  * 

lri  J 

—  g/*g  (30) 


This  equation  is  very  similar  to  Eq.  (28)  for  the  prediction 
of  CO  emissions,  except  for  a  stronger  dependence  on  liner  pres¬ 
sure  drop  and  inlet  air  pressure.  This  is  perhaps  hardly 
surprising,  since  the  factors  that  control  CO  emissions  also 
influence  UHC  emissions,  and  in  much  the  same  manner. 


Due  to  the  well-known  difficulties  and  uncertainties  that 
are  normally  associated  with  the  measurement  of  unburned  hydro¬ 
carbons,  close  agreement  between  the  predictions  of  Eq.  (3U)  and 
the  actual  measured  values  can  hardly  be  expected.  However, 
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although  Figs.  58  thru  63,  which  are  drawn  tor  the  J79-17A,  J79- 
17C ,  F101,  and  TF41  combustors,  exhibit  more  scatter  than  the 
corresponding  figures  drawn  for  N0x  and  CO,  the  correlation 
achieved  is  considered  fairly  satisfactory. 

4 .  Smoke 

Exhaust  smoke  is  caused  by  the  production  of  f mely-divided 
soot  particles  m  fuel-rich  regions  of  the  flame  and  may  be  gen¬ 
erated  in  any  part  of  the  combustion  zone  where  mixing  is  inade¬ 
quate.  With  pressure  atomizers,  the  mam  soot-forming  region 
lies  inside  the  fuel  spray  at  the  center  of  the  combustor.  Thi3 
is  the  region  in  which  the  recirculating  burned  products  move 
upstream  toward  the  fuel  spray,  and  where  local  pockets  of  fuel 
vapor  are  enveloped  in  oxygen-deficient  gases  at  high  tempera¬ 
ture.  In  these  fuel-rich  regions,  soot  may  be  produced  in  con¬ 
siderable  quantities. 

Moat  of  the  soot  produced  in  the  primary  zone  is  consumed  in 
the  high-temperature  regions  downstream.  Thus  from  a  smoke 
viewpoint  i  combustor  may  be  considered  as  two  separate  zones. 

One  is  the  primary  zone,  which  governs  the  rate  of  30ot  forma¬ 
tion,  and  the  other  is  the  intermediate  zone  (and,  on  modern  hign 
temperature  engines,  the  dilution  zone  also)  which  determines  the 
rate  of  3oot  consumption.  The  soot  concentration  actually 
observed  in  the  exhaust  gases  is  an  indication  of  the  dominance 
of  one  zone  over  the  other. 

Soot  is  not  an  equilibrium  product  of  combustion  except  at 
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Figure  58.  Comparison  of  Measured  and  Predicted  Values  of  Unburned 
Hydrocarbons  Emissions  for  J79-17A  Combustor. 
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Figure  59. 


Comparison  of  Measured  and  Predicted  Values  of  Unburned 
Hydrocarbons  Emissions  for  J79-17C  Combustor. 
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Comparison  of  Measured  and  Predicted  Values  of  Unburned 
Hydrocarbons  Emissions  for  J79-17C  Combustor.  • 
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Figure  63.  Comparison  of  Measured  and  Predicted  Values  of  Unburned 
Hydrocarbons  Emissions  for  TF41  Combustor. 
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mixture  strengths  tar  richer  than  those  employed  m  the  primary 
•rones  of  combustors.  Thus,  it  is  impossible  to  predict  its  rate 
of  formation  and  final  concentration  from  kinetic  or  thermo¬ 
dynamic  data.  In  practice,  the  rate  of  soot  formation  tends  to 
be  governed  more  by  fuel-spray  characteristics  and  fuel-air  mix¬ 
ing  than  by  kinetics. 

Many  specific  mechanistic  models  for  soot  formation  have 
been  proposed.  Current  thinking  tends  to  favor  the  notion  that 
condensed  ring  aromatic  hydrocarbons  may  produce  soot  via  a  dif¬ 
ferent  mechanism  than  do  aliphatic  hydrocarbons.  Aromatic  hydro¬ 
carbons  can  produce  soot  via  two  mechanisms:  (1)  condensation  of 
the  aromatic  rings  into  a  graphite-like  structure,  or  (2)  breakup 
to  small  hydrocarbon  fragments  which  then  polymerize  to  form 
larger,  hydrogen-deficient  molecules  which  eventually  nucleate 
and  produce  soot.  Based  on  their  shock  tube  studies,  Graham  et 
aJ .  [31,32]  concluded  that  the  condensation  route  is  much  faster 
than  the  fragmentation/polymerization  route.  According  to  the 
condensation-route  model,  aliphatics  produce  soot  via  the 
fragmentation/polymerization  mechanism  only.  As  a  result,  these 
hydrocarbons  do  not  form  the  quantities  of  soot  produced  by  the 
aromatics.  Indeed,  during  the  fuel-rich  combustion  of  a  fuel 
blend  composed  of  aromatics  and  aliphatics,  the  aromatic  hydro¬ 
carbons  would  produce  the  major  quantity  of  soot.  Combustion  of 
t.he  aliphatic  portions  of  the  fuel  would  influence  temperature 
and  hydrocarbon  fragment  concentration,  but  soot  formation  via 
fragmentation. /polymerization  would  be  minimal. 
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Exper imental  data  obtained  by  Blazowski  [33]  using  various 
blends  of  iso-octane  and  toluene  fuels  were  found  to  be  con¬ 
sistent  with  this  model.  However,  the  results  of  an  experimental 
study  by  Naegeli  and  Moses  [34]  suggest  that  the  picture  will  be 
more  complicated  for  fuels  with  high  concentrations  of  polycyclic 
aromatics . 

For  gas  turbine  combustors  the  mam  controlling  factors  for 
soot  formation  and  smoke  have  been  determined  experimentally  as 
fuel  properties,  combustion  pressure  and  temperature,  fuel/air 
ratio,  atomization  quality,  and  mode  of  fuel  injection  [10]. 

In  order  to  analyze  the  smoke  data  contained  in  referer  ces  1 
thru  6,  the  first  step  must  be  to  convert  the  quoted  smoke 
numbers  (SN)  into  soot  concentrations  (X  )  expressed  m  mg/kg. 
This  conversion  was  accomplished  using  the  following  different 
factors  for  different  levels  of  smoke  number  [35]. 

SN  -  0  to  1  X  -  0.1  (SN) 

SN  *  1  to  5  log  X  -  0.136  (SN)  -  1.136 

v 

SN  »  5  to  10  log  X  -  0.06265  (SN)  -  0.769 

v 

SN  -  10  to  20  log  X  -  0.03187  (SN)  -  0.4614 

v 

SN  -  20  to  30  log  X  -  0.0301  (SN)  -  0.426 

c 

SN  >  30  log  X  -  0.02538  (SN)  -  0.2845 

The  following  equation  was  then  used  to  convert  engine 
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exhaust  soot  concentrations  into  corresponding  combustor  exit 
values . 


xc  "  Xc 

C4  C8 


q4| 

i  +  ** 

,qaJ 

1  +  q4 

(31; 


For  the  purpose  of  analysis*  it  is  convenient  to  consider  two 
separate  zones  (a)  a  soot-forming  zone,  and  (b)  a  soot  oxidation 
zone.  The  soot  concentration  measured  at  the  combustor  exit 
represents  the  difference  in  effectiveness  between  these  two  com¬ 
peting  processes.  Unfortunately,  any  attempt  to  derive  suitable 
expressions  to  represent  rates  of  soot-formation  and  soot- 
oxidation  is  seriously  hampered  by  lack  of  knowledge  of  the  basic 
mechanisms  involved,  so  that  in  practice  there  is  little  alterna¬ 
tive  except  to  resort  to  an  empirical  approach.  Useful  guidance 
is  provided  by  the  knowledge  gained  from  past  experience  in 
attempting  to  alleviate  the  problems  of  smoke  and  soot  formation 
in  gas  turbine  combustors.  Thus,  for  example,  the  work  of  Hold- 
erness  and  Macfarlane  [36]  has  shown  that  soot  formation 
increases  rapidly  with  increase  in  pressure,  and  is  appreciably 
diminished  by  increase  in  AFR.  Moreover,  sufficient  is  known  to 
indicate  that  soot  oxidation  proceeds  most  rapidly  in  regions  of 
high  temperature  containing  excess  air.  These  considerations,  in 
conjunction  with  analysis  of  the  experimental  data,  lead  to  the 
following  expressions  for  the  soot  formation  and  soot  oxidation 
processes . 


P3  %z  <18  -  *  H2> 
xf  a  — _ E“ _ _ _ , _ — 


1.5 


£pz  mA  Tpz 


(  SZ) 
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X  «  l±  qpz  axp  t°‘0011T»2>  <18  ~  *  H2)J"b 

fpZ  mA  q8Z  Tpz 


(33) 


Now  X  -  X#  - 

c  r  o 


Hence, 


C,P 


Xc  " 


3P3qpz 
pz  A  pz 


1  -  __2  exp(0. 00117  ) 

Q  12 

^SZ 


x  [l8-%H2]i‘bmg/kg  (34) 


Application  of  this  equation  to  the  correlation  of  experimental 
data  on  soot  concentrations  yields  results  as  illustrated  in 
Figs.  64  thru  71.  The  values  of  and  associated  with  these 
figures  are  listed  in  Table  3.  This  table  shows  a  large  dispar¬ 
ity  between  values  of  C3  for  different  combustors  which  is  not 
surprising,  since  C3  relates  to  soot  formation  in  the  primary 
zone,  and  its  numerical  value  will  be  very  dependent  on  fuel 
spray  characteristics,  primary-zone  fuel/air  ratio,  and  primary- 
zone  mixing  characteristics,  all  of  which  vary  widely  between  one 
combustor  to  another.  This  is  in  marked  contrast  to  the  secon¬ 
dary  zone  where,  in  the  hot  gas  stream  entering  this  zone,  the 
fuel  is  fully  vaporized,  combustion  is  almost  complete,  and  plug 
flow  of  combustion  products  at  fairly  uniform  conditions  of  tem¬ 
perature  and  composition  is  well  established.  Thus,  for  the 
secondary  zone,  differences  between  different  combustor  types 
should  be  appreciably  less,  and  this  is  confirmed  by  the  lack  of 
marked  divergence  between  the  experimentally-derived  values  of  C4 
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Figure  64.  Craphs  Illustrating  Influence  of  Hydrogen  Content  and 

Engine  Operating  Conditions  on  Soot  Emissions  for  J79-17A 
Combustor . 
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Figure  67.  Graphs  Illustrating  Influence  of  Hydrogen  Content  and 
Engine  Operating  Conditions  on  Soot  Emissions  for  TF41 
Combustor . 
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Figure  68.  Graphs  Illustrating  Influence  of  Hydrogen  Content  and 

Engine  Operating  Conditions  on  Soot  Emissions  for  TF39) 
Combustor . 
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Figure  71.  Graphs  Illustratj 
Engine  Operating 
Combustor . 
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Table  3.  Values  of  C3  and  C4  employed  in  equation  (34) 


Engine 

C3 

C4 

J79-17A 

2.43 

0.0046 

J79-17C 

0.045 

0.0042 

F101 

0.017 

0.0020 

TF41 

0.0785 

0.0037 

TF39 

0.145 

0.0044 

J85 

0.33 

0.0038 

TF33 

1.0 

0.0045 

F100 

0.0375 

0.0035 

» V  .  - 


listed  in  Table  3. 


If  allowance  is  made  for  the  difficulties  involved  in  the 
sampling  and  measurement  of  soot  concentrations  and  the  poor 
measurability  of  fuel  aromatics  content,  the  level  of  agreement 
between  measured  and  predicted  values  of  soot  concentration,  as 
exhibited  in  Figs.  64  thru  71,  is  quite  reasonable.  However, 
although  Eq.  (34)  predicts  quite  well  the  influence  of  combustor 
operating  conditions  on  smoke  output,  and  also  demonstrates  that 
soot  concentrations  rise  with  decreases  in  hydrogen  content  of 
the  fuel,  it  also  shows  that  the  extent  of  this  increase  varies 
from  one  combustor  to  another  in  a  manner  that  cannot  be 
predicted  a  priori.  Thus  it  offers  no  guidance  on  the  likely 
smoke  emissions  to  be  anticipated  from  any  new  type  of  combustor. 
Only  if  the  values  of  C3  and  C4  were  sensibly  constant  for  all 
combustors  would  it  be  reasonable  to  regard  Eq.  (34)  as  com¬ 
pletely  satisfactory  for  the  prediction  of  smoke  emissions. 

Another  defect  of  Eq.  (34)  is  the  absence  of  a  term  to 
describe  the  degree  of  mixing  of  fuel  and  air  prior  to  combus¬ 
tion.  This  is  known  to  have  a  strong  influence  on  smoke  emis¬ 
sions,  for  example,  the  very  large  difference  in  smoke  output 
between  the  J79-17A  and  J79-17C  combustors,  as  reflected  in  the 
large  difference  in  their  values  of  C3  ,  is  known  to  be  due  in 
large  measure  to  the  steps  taken  to  improve  the  premixing  of  fuel 
and  air  in  the  latter  case.  Improvements  in  the  prediction  of 
smoke  emissions  cannot  be  expected  until  more  quantitative  infor¬ 
mation  on  the  influences  of  fuel-air  preparation  and  fuel 


’a 


•.A 


chemistry  on  soot  formation  becomes  available.  In  the  meantime 
Eq .  (34)  can  provide  useful  guidance  on  the  effects  of  changes  in 
fuel  type  and  combustor  operating  conditions  on  smoke  output. 

For  any  given  combustor,  all  that  is  needed  are  a  few  3moKe  meas¬ 
urements  obtained  with  any  fuel  at  any  operating  conditions,  just, 
in  order  to  establish  values  of  and  for  insertion  into  Eq. 
(27).  This  equation  can  then  be  used  to  estimate  smoke  levels 
for  other  fuels  and/or  other  operating  conditions. 

It  is  of  interest  to  note  in  Eq.  (34)  that  the  fuel  13 
represented  by  its  hydrogen  content  only.  This  is  because  hydro¬ 
gen  content  was  found  to  provide  a  slightly  better  correlation  of 
experimental  data  than  aromatics  content.  Furthermore,  no  con¬ 
clusions  could  be  drawn  regarding  the  relative  importance  to  3oot 
formation  and  smoke  of  single-ring  and  multi-ring  aromatics. 

This  is  because  the  data  show  that  replacing  single-ring  aromat¬ 
ics  by  multi-ring  aromatics  increases  the  level  of  exhaust  smoke 
in  some  cases  and  reduces  it  in  others. 
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SECTION  VIII 


PATTERN  FACTOR 

The  attainment  of  a  satisfactory  and  consistent  distribution 
of  temperature  in  the  combustor  efflux  gases  is  one  of  the  ma]or 
objectives  of  combustor  design  and  development.  Experimental 
investigations  into  dilution-zone  performance  carried  out  on  test 
rigs  and  actual  chambers  have  provided  useful  guidance,  but  trial 
and  error  methods  are  still  widely  used  in  developing  the 
temperature- traverse  quality  of  individual  combustor  designs  to  a 
satisfactory  standard. 

The  mixing  processes  in  the  dilution  zone  are  affected  in  a 
complicated  manner  by  the  dimensions,  geometry,  and  pressure  drop 
of  the  liner,  the  size,  shape  and  discharge  coefficients  of  the 
liner  holes,  the  airflow  distribution  to  various  zones  of  the 
chamber,  and  the  temperature  distribution  of  the  hot  gases  enter¬ 
ing  the  dilution  zone.  The  latter  is  strongly  influenced  by  fuel 
spray  characteristics  such  as  drop  size,  spray  angle  and  spray 
penetration,  since  these  control  the  pattern  of  burning  and  hence 
the  distribution  of  temperature  in  the  primary-zone  gases. 

Several  parameters  have  been  proposed  to  describe  the  tem¬ 
perature  distribution  in  the  combustor  efflux,  the  most  widely 
used  being  the  "overall  temperature  distribution  factor"  which 
tends  to  highlight  the  maximum  temperature  found  in  the  traverse 
and  is,  therefore,  of  special  importance  to  the  design  and  dura¬ 
bility  of  nozzle  guide  vanes.  It  is  normally  defined  as 
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Pattern  factor 


(3S) 


Of  prime  importance  to  pattern  factor  are  liner  length, 
which  governs  the  time  and  distance  that  are  available  for  mix¬ 
ing,  and  the  pressure  loss  factor  of  the  liner  which  controls  the 
penetration  and  turbulence  of  the  dilution  jets.  At  low  pres¬ 
sures,  where  evaporation  rates  are  relatively  slow,  a  significant 
portion  of  the  liner  length  is  occupied  by  the  fuel  evaporation 
process,  so  that  less  length  is  available  for  mixing.  This  may 
be  accounted  for  by  reducing  the  liner  length,  1^,  by  an  amount, 
Le,  in  the  following  equation  for  pattern  factor 


where  Z  -  0.07  for  tubular  liners  and  0.05  for  annular  liners 

[10]. 


The  evaporation  length,  L^,  is  obtained  as  the  product  of 
evaporation  time  and  the  average  gas  velocity  in  the  predilution 
zone.  In  reference  9  it  is  shown  that  L  is  given  by 


L 

e 


0.33  x  ID'6  D20/Pg  Al  X,ff 


(37  j 


where  pg  is  the  average  gas  density  upstream  of  the  dilution 

zone.  It  is  calculated  at  a  temperature  T  which  is  obtained  as 

* 


where  ATg  is  the  temperature  rise  due  to  combustion  for  a 
fuel/air  ratio  of  0.6  qoy.  is  the  average  cross-sectional 


area  of  the  liner.  It  is  estimated  by  dividing  the  volume  of  the 


i 


liner  by  its  maximum  length.  is  the  average  diameter  or 

height  of  the  liner.  For  a  tubular  liner  it  is  readily  obtained 


as  Dl  -  (4  Al/tt)°‘5. 


Substitution  of  L  from  Eg.  (37)  into  Eq.  (36)  gives 

0 


0.33  x  10~6  mA 
pg  Al\  Xeff 


-1 

(38) 


For  the  three  tubular  combustors  examined,  namely  the  079- 
17A,  J79-17C,  and  TF41,  insertion  of  values  for  AP. /q„  ~  of  14, 
15,  and  19,  respectively  into  Eq.  (38)  provides  excellent  corre¬ 
lations  of  the  experimental  data,  as  illustrated  in  Figs.  72  thru 
74.  It  is  of  interest  to  note  that  the  improvement  in  pattern 
factor  with  increase  in  engine  power,  as  predicted  by  Eq.  (38), 
(due  to  reduction  in  evaporation  time),  is  fully  borne  out  by  the 
results  contained  in  Figs.  72  thru  74. 


The  influence  of  fuel  type  on  pattern  factor  is  manifested 
through  the  effects  of  mean  drop  size  (via  viscosity  and  surface 
tension)  and  effective  evaporation  constant  (via  Tbn)  on  droplet 
evaporation  time.  Over  the  range  of  fuels  examined,  the  effect 
of  fuel  type  on  pattern  factor  is  relatively  small,  at  least  at 
high  power  conditions  where  the  evaporation  time  is  always  a 
small  fraction  of  the  total  combustor  residence  time,  regardless 
of  fuel  type.  However,  if  measurements  of  pattern  factor  are 
conducted  at  low  power  conditions,  where  the  evaporation  time 
constitutes  a  significant  proportion  of  the  total  residence  time, 


119 


_  0.4 

*8 


i  03 


0.1  02  0.3  0.4 

Pattern  Factor  (predicted) 


Figure  73.  Comparison  of  Measured  and  Predicted  Values  of  Patter 
Factor  for  J79-17C  Combustor. 
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Figure  74.  Comparison  of  Measured  and  Predicted  Values  of  Pattern 
Factor  for  TF41  Combustor. 
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then  a  strong  effect  of  fuel  type  on  pattern  factor  should  be 
expected . 

The  practical  utility  of  Eq.  (38)  is  that  it  allows  the  pat¬ 
tern  factor  at  max  power  to  be  predicted  from  measurements  of 
pattern  factor  carried  out  at  reduced  power,  i.e.  at  cheaper  and 
more  convenient  test  conditions.  It  also  demonstrates,  as  stated 
above,  that  at  the  highest  combustion  pressures  where  heat  flux 
rates  to  nozzle  guide  vanes  and  turbine  blades  attain  their  max¬ 
imum  values,  the  influence  of  fuel  type  on  pattern  factor  is 
negligibly  small. 


I 


w' 

c 


123  - 


V  v*' V.'. VAW'“V,V1'  v'"-"'"-  V.' 


SECTION  IX 


DISCUSSION  AND  SUMMARY 

Analysis  of  the  key  processes  occurring  within  gas  turbine 
combustors,  along  with  examination  of  the  experimental  data  con¬ 
tained  in  references  1  thru  6,  shows  that  although  the  impact  of 
fuel  type  on  combustion  performance  and  liner  durability  is  usu¬ 
ally  small  in  comparison  with  the  effects  of  liner  geometry  and 
combustor  operating  conditions,  it  is  nevertheless  of  sufficient 
magnitude  to  warrant  serious  consideration.  For  some  performance 
parameters,  such  as  liner  wall  temperature  and  exhaust  smoke,  it 
is  found  that  fuel  chemistry  plays  an  important  role.  For  oth¬ 
ers,  the  effects  of  fuel  type  are  manifested  through  the  physical 
properties  that  govern  atomization  quality  and  evaporation  rates. 

In  the  following  sections  the  effects  of  liner  size,  liner 
pressure  drop,  combustor  operating  conditions,  and  fuel  type  on 
various  aspects  of  combustion  performance  are  reviewed  briefly  in 
turn . 

1.  Combustion  Ef f iciency 

From  analysis  of  the  experimental  data  contained  in 

references  1  thru  6  it  is  found  that  combustion  efficiency  is 

obtained  as  the  product  of  the  6  efficiency,  77  ,  and  the  eva- 

c9 

poration  efficiency,  vc  >  i.e. 
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In  common  with  other  loading  parameters  for  the  correlation 
of  combustion-efficiency  data,  Eqs.  (8)  and  (9)  show  that  combus¬ 
tion  efficiency  is  enhanced  by  incr oases  in  gas  pressure,  inlet 
air  temperature,  and  combustion  volume.  Equation  (9)  also  demon¬ 
strates  the  adverse  effect  of  low  fuel  volatility  on  combustion 
efficiency,  especially  at  operating  conditions  where  atomization 
quality  is  relatively  poor.  This,  of  course,  is  well  known  from 
practical  experience,  but  the  main  attribute  of  Eq.  (9)  lies  in 
the  direct  quantitative  relationships  it  provides  between  atomi¬ 
zation  quality  (via  SMD) ,  fuel  volatility  (via  Xeff),  and  combus¬ 
tion  efficiency,  which  allow  the  effect  on  combustion  efficiency 
of  any  change  m  fuel  type  or  fuel  nozzle  characteristics  to  be 
readily  estimated. 


2 .  Lean  Blowout 

Weak  extinction  values  of  fuel/air  ratio  are  obtained  a3 


In  this  equation  it  is  of  interest  to  note  that  the  depen¬ 
dence  of  weak  extinction  limits  on  combustor  volume  and  operating 
conditions  is  very  similar  to  that  for  combustion  efficiency. 


Also  in  common  with  combustion  efficiency  is  the  slight  effect  of 
fuel  chemistry  (via  LCV) ,  whereas  physical  properties  are  impor¬ 
tant  due  to  their  influence  on  DQ  and 

The  reasonable  degree  of  similarity  between  the  values  Af 

r  *“ 

listed  in  Table  2  for  several  different  types  of  combustors,  sug¬ 
gests  that  prospects  are  good  for  predicting,  within  close  and 
acceptable  limits,  the  lean  blowout  limits  of  future  combustor 
designs.  It  should  also  serve  to  encourage  further  experimental 
and  analytical  efforts  in  this  area. 


3 .  Lean 


The  equation  for  lean  lightup  fuel/air  ratio  is  almost 
identical  to  that  for  lean  blowout  fuel/air  ratio,  except  for  a 
slightly  stronger  dependence  on  P3-  We  have 


l¥l 


P3  Jexp(T3/300)J (  ef f 


DJ?  ]  f  D_  at  T, 


P  I 

75KJ 


g/kg 


(17) 


The  very  satisfactory  correlation  of  ignition  data  provided 
by  Eq.  (17)  demonstrates  the  important  role  played  by  the  atomi¬ 
zation  process  in  providing  an  adequate  concentration  of  fuel 
vapor  in  the  spark  region.  This  equation  also  provides  useful 
quantitative  relationships  between  fuel  volatility  (B  or  Xgff), 
atomization  quality  (D  ) ,  operating  conditions  (P-,  T7 ,  and  m  ), 
and  combustion  volume  (V  ) .  Thus,  for  example,  it  can  be  used  to 
estimate  the  increase  in  combustor  volume  and/or  improvement  m 
atomization  quality  needed  to  recover  the  loss  in  altitude 


relight  capability  caused  by  changing  the  fuel  to  one  of  lower 


volatility. 


Despite  the  well-known  inconsistencies  that  tend  to  plague 
ignition  data,  the  values  of  B£pZ  listed  in  Table  2  do  not  exhib¬ 
it  appreciable  scatter.  In  fact,  they  are  consistent  to  within  a 
few  percent  for  the  four  combustors  featuring  pressure  atomizers,* 
namely,  the  J79-17A.  J79-17C,  TF39,  and  J85.  (Note  that  although 
the  J79-17C  nozzle  is  a  hybrid  type,  at  lightup  most  of  the  fuel 
Issues  from  the  primary  which  is  a  pressure  swirl  atomizer). 

These  results  may  be  regarded  therefore  as  representing  useful 
progress  towards  establishing  accurate  prediction  formulae  for 
lean  lightoff  limits. 

4 .  Liner  Wall  Temperature 

The  most  important  factor  governing  liner  wall  temperature  is 
the  combustor  inlet  temperature,  T3 .  Inlet  pressure  is  also  sig¬ 
nificant  due  to  its  influence  on  the  concentration  of  soot  parti¬ 
cles  in  the  flame,  and  hence  on  the  magnitude  of  the  luminous 
radiation  flux  to  the  liner  wall.  At  max  power  conditions,  where 
liner  wall  temperatures  are  of  most  concern,  evaporation  rates 
are  so  high  that  the  physical  properties  of  the  fuel  appear  to 
have  a  negligible  influence  on  T  .  Chemical  effects  are  also 
quite  small,  as  shown  in  Figs.  38  thru  41.  However,  even  small 
increases  in  maximum  values  of  liner  wall  temperature  can  seri¬ 
ously  curtail  Liner  life.  Thus,  for  the  range  of  fuels  covered 
in  this  investigation,  fuel  type  must  be  considered  of  signifi¬ 
cance  :o  liner  durability. 


In  the  calculation  of  liner  wall  temperatures,  the  effect:  of 
fuel  type  can  oe  accommodated  quite  conveniently  by  introducing 
the  fuel  hydrogen  content  into  the  existing  equation  for  gas 
emissivity.  This  approach  leads  to  the  following  equation  for 


cg  «  1  -  exp  [  -  97440  P3(%H2)"2  (q  lb)°*5  (26) 


5.  NO  Emissions 

A  - 

It  is  found  that  NOx  emissions  are  very  dependent  on 
combustor  operating  conditions,  and  also  on  the  size  of  the 
combustion  zone  which  governs  the  time  available  for  NO^  forma¬ 
tion.  The  key  factor  controlling  NO^  is  the  stoichiometric  flame 
temperature  which,  in  turn,  is  almost  solely  dependent  on  combus¬ 
tor  inlet  temperature.  As  far  as  fuel  type  is  concerned,  physi¬ 
cal  properties  are  of  little  consequence  except  at  low  power  con¬ 
ditions  where  NO^  emissions  are  always  quite  small  due  to  the 
correspondingly  low  values  of  Tgt.  Fuel  chemistry  also  ha3  lit¬ 
tle  influence  on  NO^  because  it  affects  only  slightly  the  values 
of  bulk  gas  temperature  and  stoichiometric  flame  temperature  in 
the  following  equation  for  NO^. 


NO 


9  x  10 


-8  1.25 


x 


Vc  exp  (0.01  Tgt) 


m.  T 


g/*g 


(27) 


6 .  CO  Emiss ions 

These  are  correlated  by  the  expression:  - 


CO 


86  mA  Tpz  exp  (  ~  °‘ 003,15  Tpz) 


-  0.55  x  10 


-6  fpzmA  Do 
-p~—  I - 


,4Pl| 

TT7F 


- g/kg 

1.5 


(28) 
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Combustor  size  and  operating  conditions  also  play  a  prom¬ 
inent  role  in  determining  the  level  of  CO  emissions.  Special 


importance  is  attached  to  inlet  temperature  and  primary-zone 
fuel/air  rAtio,  due  to  their  combined  effect  in  resolving  the 
primary-zone  temperature.  As  in  the  case  of  N0x  emissions,  the 
influence  of  fuel  chemistry  is  small  and  is  manifested  through 
slight  variations  in  TpZ  with  changes  in  lower  calorific  value. 
However,  since  CO  emissions  attain  their  maximum  values  at  low 
power  conditions,  where  a  significant  proportion  of  the  total 
residence  time  in  the  combustion  zone  is  occupied  by  the  evapora¬ 
tion  process,  the  influence  of  those  physical  properties  which 
affect  evaporation  rates  becomes  important. 


7 .  Unburned  Hydrocarbons 

It  is  found  that  the  factors  which  govern  CO  emissions 
also  influence  UHC  emissions,  and  in  much  the  same  manner,  except 
for  a  slightly  higher  dependence  on  inlet  air  pressure  and  liner 
wal1  pressure  drop.  We  have 


UHC 


11,764  mA  Tpz  exp(  ~  Q-0034S  Tp2> 


-  - - - ; 

£  C~' 

v  -  n  x  in-6  Pz  A  (  0 

[*!lJ  P2.S 

c  ppz 

m  3 

g/fcg 


(30) 


8 .  Smoke 

Of  all  the  parameters  studied,  smoke  emissions  is  the  one  that 
is  most  affected  by  changes  in  fuel  type.  The  physical  proper¬ 
ties  of  the  fuel  are  important  insofar  as  they  influence  the  mean 
drop  size  in  the  spray  and  the  penetration  of  the  spray  across 
the  combustion  zone.  Spray  penetration  is  of  considerable 


.importance*  from  a  smoke  viewpoint  because  inadequate  penetration 
leads  to  enhanced  fuel  enrichment  of  the  soot-forming  regions 
just  downstream  of  the  fuel  injector.  Smoke  emissions  are  also 
strongly  dependent  on  engine  operating  conditions  and  primary- 
zone  fuel/air  ratio,  as  indicated  by  the  following  equation  for 
exhaust  soot  concentration. 


i- Jl5exp(0.0011T  )|  [l8-%H2]1*5mg/kg 

m„T _  qsz  1 


(34) 


pz  A  p2 


Although  the  correlations  achieved,  as  illustrated  in  Figs.  64 
thru  71,  show  appreciable  scatter,  it  is  considered  that  Eq.  (34) 
could  prove  very  useful  for  predicting  the  effects  of  changes  m 
operating  conditions  and  fuel  type  on  exhaust  smoke  levels. 


9 .  Pattern  Factor 

This  is  described  with  good  accuracy  by  the  following  equation 


where  appropriate  values  of  Z  are  0.070  and  0.050  for  tubo- 
annular  and  annular  combustors,  respectively.  The  above  equation 
shows  that  the  main  parameters  controlling  pattern  factor  are  the 
pressure  drop  across  the  liner  wall  and  the  liner  L/D  ratio.  it 
also  takes  into  account  the  influence  of  evaporation  time  m 
reducing  the  time  available  for  mixing  within  the  liner.  At  the 
high  pressure  conditions  where  pattern  factor  is  of  most  concern, 
the  evaporation  time  is  always  quite  short  m  comparison  to  the 
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total  residence  time  of  the  combustor,  and  so  the  dependence  of 
pattern  factor  on  fuel  type  is  fairly  small. 


At  lower  power  settings,  the  evaporation  time  increases  due 
to  increase  in  Dq  and  reduction  in  This  produces  a 

deterioration  in  pattern  factor  as  indicated  by  Eq.  (38)  and  also 
by  Figs.  72  thru  74,  which  demonstrate  for  all  engines  that  pat¬ 
tern  factor  at  idle  is  distinctly  worse  than  at  take-off.  These 
cons iderat icns  highlight  the  importance  of  measuring  pattern  fac¬ 
tor  only  at  the  correct  combustor  inlet  conditions  corresponding 
to  engine  operation  at  max  power.  Tests  carried  out  at  lower 
pressure  levels  give  values  that  are  overpessimistic.  Also,  they 
show  a  dependence  of  pattern  factor  on  fuel  type  which  great ly 


exaggerates  the  dependence  actually  observed  at  high  pressures. 


T 
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CONCLUSIONS 


The  fuels'  physical  properties  that  govern  atomization  quality 
and  evaporation  rates  strongly  affect  combustion  efficiency, 
weak  extinction  limits,  and  lean  lightoff  limits.  The  influence 
of  fuel  chemistry  on  these  performance  parameters  is  quite  small 
and  stems  from  the  effects  of  slight  variations  in  lower  calorific 
value  on  combustion  temperature. 

For  any  given  combustor  and  fuel  type,  Eq.  (7)  enables  values  of 
combustion  efficiency  to  be  calculated  a  priori  at  any  stipulated 
combustor  operating  conditions. 

The  effects  of  changes  in  fuel  type,  liner  airflow  distribution, 
and  engine  operating  conditions  on  lean  blowout  and  lean  lightup 
limits  may  be  estimated  with  good  accuracy  from  Eqs.  (16)  and 
(17),  respectively. 

Liner  wall  temperatures  are  controlled  mainly  by  combustor 
operating  conditions  and  combustor  design,  with  fuel  effects 
playing  a  minor  role.  However,  since  in  modern  high  pressure 
ratio  engines  the  combustor  is  called  upon  to  perform 
satisfactorily  for  long  periods  at  extreme  conditions  on 
current  fuels,  it  follows  that  any  factor,  however  secondary, 
that  creates  a  more  adverse  combustion  environment,  will  have 
a  large  and  disproportionate  effect  on  combustion  performance 
and  liner  durability.  , 

Analysis  of  the  experimental  data,  which  cover  a  range  of 
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fuel  types  from  JP4  to  DF2,  shows  that  fuel  chemistry,  as 
indicated  by  hydrogen  content,  has  a  significant  effect  on 
flame  emissivity,  flame  radiation,  and  liner  wall  temperature. 

The  influence  of  fuel  chemistry  on  the  emissions  of  carbon 
monoxide,  unburned  hydrocarbons,  and  oxides  of  nitrogen  is 
quite  small.  The  fuels'  physical  qualities  affect  the 
exhaust  gas  concentrations  of  both  carbon  monoxide  and 
unburned  hydrocarbons  at  low  power  settings  where  fuel 
evaporation  rates  are  relatively  low.  However,  at  the 
high  power  conditions  where  the  emissions  of  carbon 
monoxide  and  unburned  hydrocarbons  become  negligibly 
small,  the  influence  of  physical  properties  on  these 
emissions  is  negligibly  small. 

Smoke  emissions  are  strongly  dependent  on  combustion  pressure, 
primary-zone  fuel/air  ratio,  and  the  mode  of  fuel  injection 
i dual- or  if  ice  or  airblast).  Fuel  chemistry,  as  indicated 
by  hydrogen  content,  is  also  important.  The  data  contained 
in  references  1  thru  6  do  not  support  the  notion  that  multi-ring 
aromatics  exhibit  stronger  smoking  tendencies  than  3ingle-nng 
aromat.  ics  . 

Fuel  chemistry  has  no  direct  influence  on  pattern  factor. 
However,  physical  properties  have  an  effect  that  is 
appreciable  at  Low  power  conditions  but  which  diminishes 
in  importance  with  increase  in  engine  power,  becoming  very 
small  at  the  highest  power  setting,  where  the  durability  of 


hot  section  components  is  a  major  concern. 


8.  Values  of  pattern  factor  measured  at  convenient  low 

power  conditions,  may  be  inserted  into  Eq.  (38)  and  used 
to  predict  the  pattern  factor  attainable  at  max.  power 
conditions . 
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LIST  OF  SYMBOLS 


A,  S 

Aan 

*L 


k 

L 


c 


e 


L 

LCV 


constants  in  Eqs.  (16)  and  (17),  respectively 

2 

combustor  annulus  area,  ro 

2 

liner  cross-sectional  area,  m 

heat  flux  from  combustion  gases  to  liner  by 

2 

convection,  W/m 

heat  flux  from  liner  wall  to  annulus  air  by 

2 

convection,  W/m 
constants  in  Eq.  (34) 

hydraulic  mean  diameter  of  combustor  annulus,  in 

hydraulic  mean  diameter  of  atomizer  air  duct 

at  exit  plane,  itm 

liner  diameter  or  height,  m 

initial  mean  drop  size  of  fuel  spray,  nm 

atomizer  prefilmer  diameter,  m 

fraction  of  total  combustor  air  employed  in  combustion 
fraction  of  total  combustor  air  employed  in  primary-zone 
combustion 

i 

i 

fraction  of  fuel  vaporized  within  combustion  zone  i 

thermal  conductivity,  J/ms  K 
.length,  or  luminosity  factor 

length  of  combustion  zone,  m  ! 

I 

liner  length  employed  in  fuel  evaporation,  m  j 

total  liner  length,  m  j 

l 

lower  calorific  value  of  fuel,  MJ/kg 
mean  beam  length  of  radiation  path,  m 

mass  flow  rate,  kg/s  \ 

5 
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& 


n 


reaction  order 


P  pressure,  kPa 

AF  pressure  differential,  kPa 

(APt/P3)  liner  pressure  drop  as  percentage  of  P3 
q  fuel/air  ratio 

q  fuel/air  ratio  in  combustion  zone 

V 

q  combustor  overall  fuel/air  ratio 

^ov 

qref  reference  dynamic  head,  kPa 

qT Rn  fuel/air  ratio  at  lean  blowout,  g  fuel/kg  air 

qT T  n  fuel/air  ratio  at  lean  lightup,  g  fuel/kg  air 

R^  radiation  heat  flux  from  combustion  gases  to 

2 

liner  wall,  W/m 

R2  radiation  heat  flux  from  liner  to  casing,  W/m2 

SMD  Sauter  mean  diameter  of  fuel  spray,  /im 

SN  smoke  number 

T  temperature,  K 

Tbn  boiling  temperature  at  normal  atmospheric  pressure,  K 

AT  temperature  rise,  K 

V  velocity,  m/s 

vc  total  combustion  zone  volume  ( -predilut ion  zone  volume), 

3 

V  evaporation  volume,  m 

3 

Vp2  primary  zone  volume,  m 

Xc  soot  concentration,  mg/kg  gas 

Z  constant  in  Eq.  (38) 

c  emissivity 

Stef an-Boltzmann  constant  (5.67  x  1Q~8  W/m2  K), 

2 

or  surface  tension,  kg/s 


a 


u  dynamic  viscosity,  kg /ms 

2 

v  kinematic  viscosity,  m  /s 

xeff  effective  value  of  evaporation  constant,  mm^/e 

i)  combustion  efficiency 

0  combustion  efficiency  based  on  chemical  kinetics 

ce 

i)  combustion  efficiency  based  on  fuel  evaporation 

ce 

3 

p  density,  kg/m 

Subscripts 

A  air 

F  fuel 

g  gas 

ad  adiabatic  value 

st  stoichiometric  value 

c  combustion  zone  value 

an  annulus  value 

pz  primary  zone  value 

•3Z  secondary  zone  value 

max  max imum  value 

w  wall  value 

3  combustor  inlet  value 

4  combustor  outlet  value 

8  engine  discharge  value 

L  liner  value 
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